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Abstract
The trans-Golgi network (TGN) is the last station of the secretory pathway where soluble and membrane proteins are
sorted for subsequent transport to endocytic compartments. This pathway is primarily followed by two distinct but related
mannose 6-phosphate receptors which exhibit complementary functions in soluble lysosomal enzyme targeting. These
transmembrane proteins and their bound ligands are packaged in transport intermediates coated with clathrin and the AP-1
assembly complex. Their segregation is determined by the interaction of tyrosine- and di-leucine-based sorting determinants
present in their cytoplasmic domains with AP-1. Other membrane proteins such as the lysosomal membrane glycoproteins or
envelope glycoproteins of herpes viruses, which contain similar sorting signals, may also follow the same pathway. In this
review, we will summarize our current understanding of the molecular mechanisms leading to membrane protein sorting in
the TGN and the formation of AP-1-coated transport intermediates. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The secretory and the endocytic pathways of eu-
karyotic cells are organized in several, functionally
distinct membrane-bound compartments connected
by vesicular tra⁄c. This vesicular transport system
not only permits the transport of soluble and mem-
brane components from one compartment to the
next but also controls the maintenance of the protein
and lipid composition as well as the size and polarity
of intracellular compartments. During the last dec-
ade, genetics in yeast and the development of in vitro
assays have deciphered the basic principles of a
transport reaction. The current view is that cytosolic
coat components bind to the membrane of a donor
compartment and generate a coated vesicle. During
this complex series of events, a limited number of
proteins interacting with coat components are clus-
tered into the nascent vesicle. After budding and coat
disassembly, the vesicle docks and fuses with a
unique acceptor compartment. The speci¢city of
docking/fusion is provided by the pairing of unique
v- and t-SNAREs [1].
The trans-Golgi network (TGN) is the last station
of the secretory pathway where soluble and mem-
brane proteins are packaged into distinct transport
intermediates to be delivered to their ¢nal destina-
tion: the plasma membrane (apical or basolateral in
polarized cells), secretory granules in endocrine or
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exocrine cells or endocytic compartments [2]. In
higher eukaryotes, this latter pathway is followed
by the newly synthesized lysosomal hydrolases bound
to the mannose 6-phosphate receptors (MPRs). The
intracellular transport of this group of W50 di¡erent
soluble proteins to lysosomes relies on the presence
of mannose 6-phosphate (Man-6-P) residues on their
oligosaccharides that are used as a common recogni-
tion marker by two distinct but related MPRs [3].
Numerous studies [4,5] have shown that the MPRs
are in dynamic equilibrium between di¡erent com-
partments: the TGN, the plasma membrane and
the endosomes. At the plasma membrane, the inter-
action of the MPRs with the AP-2 plasma-membrane
speci¢c assembly proteins allow their endocytosis via
a clathrin-dependent pathway for subsequent deliv-
ery to endosomes where the bulk of the MPRs is
found at steady state in many cell types. In the
TGN, the MPRs by interacting with the AP-1 Gol-
gi-speci¢c assembly proteins are segregated away
from the secretory pathway. The current view is
that the MPRs and their bound ligands are clustered
into AP-1- and clathrin-coated vesicles that bud from
this compartment. After fusion of TGN-derived
vesicles with acidic endosomes, the hydrolases disso-
ciate from the MPRs. They are subsequently trans-
Fig. 1. Model for protein sorting in the trans-Golgi network (see text for details). In the TGN, proteins are sorted for transport to
di¡erent destinations: the cell surface (1), secretory granules (2), or endosomes (3). This latter pathway is followed by the MPRs and
their bound Man-6-P containing ligands and probably other membrane proteins (reviewed in [4,5]). It involves the formation of trans-
port intermediates coated with AP-1 and clathrin. After uncoating, these intermediates fuse with endosomes (early and/or late) where
MPRs discharge their ligands. Whether TGN-derived transport intermediates fuse with early or late endosomes or both is still unclear.
This step of the pathway needs to be de¢ned in terms of molecular interactions of the fusion machinery. The current view is that the
late endosomes is the last station of the endocytic pathway from which the MPRs are recycled back to the TGN. MPRs are also
present at the plasma membrane where they are internalized via AP-2 and clathrin-coated vesicles (4) and recycle either to the cell sur-
face or to the TGN, probably via the late endosomes. AP-1 and clathrin-coated buds have also been detected on membranes of imma-
ture secretory granules and early endosomes.
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ported to the lysosomes while the MPRs recycle back
to the TGN to perform several rounds of transport.
Some other membrane proteins, such as the newly
synthesized lysosomal membrane glycoproteins, are
also sorted in the TGN for subsequent transport to
endosomes and lysosomes (Fig. 1).
2. Function of the MPRS in lysosomal enzyme
transport
2.1. Mammalian cells express two distinct but related
MPRs
Two distinct type I transmembrane glycoproteins
ubiquitously, but variably expressed in most tissues
[6] are known to bind the phosphomannosyl recog-
nition marker of lysosomal enzymes (for review see
[3,5,7]). The ¢rst MPR is a bifunctional protein
which has also the capacity to bind insulin-like
growth factor II, a polypeptide clearly involved in
development [8]. Therefore, this receptor is referred
to as the Man-6-P/IGF II receptor. This MPR is
most likely responsible for the clearance of extracel-
lular IGF II and therefore appears as an important
component of the IGF-dependent system that regu-
lates development (reviewed in [7]). The second MPR
is the cation-dependent mannose 6-phosphate recep-
tor (CD-MPR), a homodimer which only binds lyso-
somal enzymes. Their structures and their binding
properties have been previously reviewed [3,5,9,10]
and will not be discussed here.
In general, the lysosomal enzymes contain multiple
N-linked high mannose oligosaccharides with zero,
one or two phosphomonoesters as well as N-linked
complex type oligosaccharides and bind to both
MPRs with a high a⁄nity. The identi¢cation and
the characterization of two distinct but related
MPRs raised several interesting questions. Are these
two MPRs redundant in function or do they exhibit
specialized function in lysosomal enzyme transport?
An important issue over the past years has been to
understand why mammalian cells express these two
MPRs. The inactivation of the MPR genes in mice
and the creation of new cell lines from mice lacking
either or both MPRs has shed some light on the
function of the two MPRs in lysosomal enzyme
transport in vivo.
2.2. The MPRs exhibit complementary functions for
lysosomal enzyme transport
The Man-6-P/IGF II receptor has a clear function
in intracellular targeting of lysosomal enzymes. This
was ¢rmly established by the key observation that a
few established cell lines lacking this receptor, like
the mouse L-cells or mouse P388D-1 or J 774 macro-
phages, secrete a large proportion (W75%) of their
newly synthesized lysosomal enzymes [11]. In a sim-
ilar manner, primary cells from homozygous mice
with a disrupted, non-functional Man-6-P/IGF II re-
ceptor gene [12] or T hair pin (Thp) mice carrying a
large deletion around the Man-6-P/IGF II receptor
locus [13] also secrete a large proportion of their
lysosomal enzymes. This phenotype can be corrected
substantially when the Man-6-P/IGF II receptor is
re-expressed in P3388-D1 or mouse L-cells which
lack this receptor [14,15].
Although Man-6-P/IGF II negative cells express-
ing the CD-MPR still retain 30^40% of their newly
synthesized lysosomal enzymes, the function of the
CD-MPR in lysosomal enzyme transport has re-
mained unclear until cells lacking this receptor were
generated by gene disruption experiments in mice.
This approach demonstrated that the CD-MPR
also exhibits a clear function in intracellular trans-
port of lysosomal enzymes [16,17]. Like cells lacking
the Man-6-P/IGF II receptor, thymocytes or skin
¢broblasts from CD-MPR-negative mice secrete a
fraction of their newly synthesized lysosomal en-
zymes. In CD-MPR-negative animals, the secreted
phosphorylated ligands, some of which are slightly
enriched in extracellular £uids [16], are probably re-
endocytosed by the cell surface Man-6-P/IGF II re-
ceptor or other receptors [18], thereby explaining
why these animals have a normal content of hydro-
lases in their tissues and are apparently normal and
fertile. Earlier studies have also suggested that the
CD-MPR may function in lysosomal enzyme secre-
tion. The evidence comes from experiments showing
that the massive over-expression of the CD-MPR in
normal cells resulted in a higher secretion of lysoso-
mal enzymes [19].
In ¢broblasts, the MPRs are the major compo-
nents of the Man-6-P dependent targeting system.
The biological importance of the two MPRs is
illustrated by the phenotype of primary embryonic
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¢broblasts devoid of these two transmembrane pro-
teins [13,20]. These cells could be generated after
crossing of CD-MPR-negative mice with Man-6-P/
IGF II receptor-negative mice or Thp mice. Fibro-
blasts devoid of the two MPRs secrete most of
their newly synthesized lysosomal enzymes and
consequently accumulate undigested substrates in
their lysosomes. This phenotype is strikingly similar
to that of ¢broblasts from patients with mucolipido-
sis II (I-cell disease) unable to synthesize the Man-6-
P signal on lysosomal enzymes [21]. Thus, the lack of
synthesis of the Man-6-P signal on lysosomal en-
zymes or the lack of the two MPRs results in the
same phenotype. In some cell types, however, lyso-
somal enzymes can be transported via a Man-6-P
independent pathway as illustrated by I-cell lympho-
blasts which contain a normal level of lysosomal en-
zymes [22].
The MPRs exhibit complementary functions. Each
MPR mediates the intracellular transport of di¡erent
but overlapping subsets of lysosomal enzymes. This
view is supported by several observations. First, the
over-expression of the CD-MPR in cells lacking the
Man-6-P/IGF II receptor does not permit the com-
plete targeting of lysosomal enzymes [23]. The over-
expression of the CD-MPR or the Man-6-P/IGF II
receptor in MPR-negative cells does not totally cor-
rect their hypersecretion of lysosomal enzymes [24].
In other words, even the over-expression of one
MPR cannot totally compensate for the absence of
the other. The reason for this is that lysosomal en-
zymes exhibit preferential a⁄nities for the MPRs. In
vivo, some lysosomal enzymes appear to interact bet-
ter with the CD-MPR, some others with the Man-6-
P/IGF II receptor [13,20,24]. In vitro binding experi-
ments have also shown that the puri¢ed MPRs
exhibit preferred a⁄nities for given phosphorylated
ligands [25]. The molecular basis of the preferred
interaction of a given lysosomal enzyme for one
MPR is still uncertain since the pattern of the phos-
phorylated oligosaccharides present on these di¡er-
ent populations of lysosomal enzymes is not drasti-
cally di¡erent [24,26]. It could be that the position
of the oligosaccharides on the protein is of impor-
tance. In any case, the collective data indicate that
the reason why mammalian cells express two di¡er-
ent but related receptors is to allow the e⁄cient ly-
sosomal targeting of the W50 di¡erent hydrolases
required for the proper function of lysosomes in deg-
radation.
3. Sorting of the MPRs from the secretory pathway
3.1. The MPRs are sorted in the TGN via an AP-1
dependent pathway
The TGN is the site where the MPRs and their
bound ligands are sorted away from the secretory
pathway [4,5]. This notion is supported by early mor-
phological studies showing that the Man-6-P/IGF II
receptor as well as its ligands can be detected in
tubulo-vesicular pro¢les typical of the TGN [27,28].
This observation is consistent with biochemical stud-
ies showing that the plasma membrane Man-6-P/IGF
II receptor recycles constitutively back to this com-
partment [29,30]. Electron microscopy studies have
also shown that clathrin-coated buds on the TGN
and the clathrin-coated vesicles often observed in
its vicinity contain the MPRs [31]. Therefore, the
current view is that the MPRs are packaged into
clathrin-coated vesicles, in a very similar process as
described for the formation of plasma membrane-
derived clathrin-coated vesicles which mediate the
endocytosis of receptors.
TGN- and plasma membrane-derived clathrin-
coated vesicles can be distinguished by the nature
of the underlying adaptor complexes (APs), AP-1
and AP-2, respectively (for a complete molecular de-
scription of APs, see the review by M.S. Robinson
and J. Hirst in this issue). The heterotetrameric struc-
ture of these two related APs suggests that they can
interact with multiple components. The V110-kDa
L1 and L2 subunits of AP-1 and AP-2, respectively,
promote clathrin cage assembly in vitro. Despite this
sca¡olding function, the APs also select transmem-
brane proteins by interacting with sorting determi-
nants in their cytoplasmic domains (for review see
[32^34]). The functions of the V100-kDa Q and K
subunits as well as that of the V20-kDa c1 and
c2 of AP-1 and AP-2 remain unknown at present.
More recent morphological studies have shown that,
in higher eukaryotic cells, clathrin-coated buds can
also be detected on other intracellular compartments.
Clathrin-coated [35] or AP-1-coated buds [36] can be
detected on membranes of early endosomes. Simi-
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larly, clathrin- and AP-1-coated buds are also
present on immature secretory granules of endocrine
cells [37]. However, the biological signi¢cance of
these coated buds in protein tra⁄cking remains to
be established.
3.2. AP-1 binding is regulated by an ARF GTPase
Several studies have now illustrated that the small
GTPase ARF-1 regulates the translocation of cyto-
solic AP-1 [36,38,39] and COPI [40^42] onto their
target membranes. Like other GTPases, ARF-1
cycles between a cytosolic, inactive GDP-bound
form and an active GTP-bound form that associates
with membranes via its N-terminal myristoyl group
(reviewed in [43,44]). The ¢rst indication that ARF
regulates AP-1 binding to membranes came from in
vivo studies showing that the membrane association
of AP-1 is inhibited by brefeldin A [45,46], a drug
previously shown to impair ARF-1 and coatomer
binding to membranes [47]. The in vitro transloca-
tion of AP-1 onto immature secretory granules puri-
¢ed from PC-12 cells is also regulated by this
GTPase [48]. In vitro, AP-1 binding to Golgi mem-
branes can also be stimulated by ARF-3 and 5, two
members of the ARF family located in the Golgi
[49]. It is still unknown whether ARF-1 GTPase
acts as a stoichiometric component as suggested for
coatomer assembly [40] or as a catalytic component
activating phospholipase D (PLD) [50,51,44] or both.
The addition of PLD which enhances both COPI [52]
and AP-2 [53] binding in vitro, remains without any
detectable e¡ect on AP-1 binding [53]. If these ob-
servations do not completely rule out the implication
of PLD in AP-1 binding, they indicate that the in-
teraction of these di¡erent coats with their mem-
branes is di¡erently regulated.
3.3. MPR sorting is coupled to AP-1 coat assembly
Several studies indicate that transmembrane pro-
teins play some role in coat assembly. Morphometric
analyses performed at the electron microscopic level
¢rst suggested that the massive over-expression of
the human transferrin receptor in mouse cells or in
chicken embryonic ¢broblasts correlated with a high-
er number of clathrin-coated pits [54] or an increased
number of £at clathrin lattices at the plasma mem-
brane [55]. More recently, it has also been observed
that the endocytosis of CD-4 triggered by its associ-
ation with Nef, an early protein encoded by the hu-
man immunode¢ciency virus (HIV), doubles the
number of clathrin-coated pits at the plasma mem-
brane [56]. However, immuno£uorescence studies in
which FcORI receptors were relocalized to restricted
areas of the plasma membrane without modifying
the distribution of clathrin and AP-2 [57] rather in-
dicate that transmembrane proteins are trapped into
pre-existing clathrin-coated pits. Thus, whether or
not receptor sorting and coat assembly at the plasma
membrane are coupled processes has remained con-
troversial.
In the TGN, the MPRs appear to be key compo-
nents required for AP-1 coat assembly. Support for
this notion comes from biochemical studies per-
formed on mouse MPR-negative ¢broblasts and
MPR-negative ¢broblasts re-expressing physiological
levels of either MPR [16,24]. Subcellular fractiona-
tion of these cells has revealed that MPR-negative
cells contain less AP-1 (30%) bound to their mem-
branes or associated with clathrin-coated vesicles
than MPR-positive cells or MPR-negative cells re-
expressing physiological levels of either MPR [58].
Thus, these observations strongly suggest that trans-
membrane protein sorting and AP-1-coat assembly
are indeed coupled processes.
In vitro, AP-1 binds to its target membranes with
a high a⁄nity (KdW25 nM). The number of these
high a⁄nity binding sites is largely decreased when
the MPRs or ARF-1 become rate-limiting compo-
nents [36]. This strongly suggests that both the
MPRs and ARF-1 cooperate to create these high
a⁄nity AP-1 binding sites. Conversely, the slowly
hydrolysable GTP-Q-S which in vitro stabilizes
ARF-1 on membrane and increases the amount of
membrane-bound AP-1 only creates low a⁄nity
binding sites (W150 nM). Whether such low a⁄nity
interactions can lead to the formation of a transport
vesicle is unknown. A possible view is that AP-1 can
interact with membranes in the absence of the
MPRs, although more weakly, and that the arrival
of MPRs in the TGN would stabilize AP-1 on these
membranes. In other words, the MPRs (or cargo
molecules) could mediate the transition from a low
a⁄nity to a high a⁄nity AP-1 binding site. In such a
process, the high a⁄nity, stable interactions could
BBAMCR 14332 5-8-98 Cyaan Magenta Geel Zwart
R. Le Borgne, B. Ho£ack / Biochimica et Biophysica Acta 1404 (1998) 195^209 199
lead to the sequestration of the cargo molecule in a
transport intermediate. The low a⁄nity, transient in-
teractions of AP-1 with membranes could also be of
importance, for example to prevent extensive fusion
between the TGN and endosomes as seen in cells
treated with brefeldin A [59,60]. Other membrane
components, still uncharacterized, may be part of
these AP-1 binding sites, for example those which
could confer the speci¢city of interaction or the v-
SNARES which like the MPRs have to be clustered
in these TGN-derived transport intermediates. This
notion that multiple components create high a⁄nity
AP-1 binding sites could be consistent with the het-
erotetrameric structure of the AP-1 assembly com-
plex (Fig. 2).
3.4. Sorting determinants in the MPR cytoplasmic
domains
As for many transmembrane proteins, the MPRs
contain multiple sorting determinants in their cyto-
plasmic domains that mediate their intracellular traf-
¢c between distinct membrane-bound compartments,
in particular tyrosine- and di-leucine-based motifs
(for review see [33,34,61,62]). The endocytosis of
the Man-6-P/IGF II receptor requires a single
YSKV sequence [63,64] while that of the CD-MPR
requires two distinct motifs: a phenylalanine con-
taining sequence (FPHLAF) and a YRGV sequence
that function, respectively, as dominant and weak
determinants [23]. The determinants that are essential
for the sorting of the MPRs in the TGN or in endo-
somes have been more di⁄cult to elucidate. How-
ever, the re-expression of Man-6-P/IGF II receptor
mutants in cells devoid of this protein has shown
that a carboxyl terminal di-leucine based motif
(LLHV sequence) [15] and, to a minor extent the
tyrosine-based endocytosis motif (YKYSKV se-
quence) [65], are essential for e⁄cient intracellular
transport of lysosomal enzymes. The expression of
the CD-MPR mutants in mouse L-cells [23] or in
MPR-negative ¢broblasts [66] has also illustrated
Fig. 2. Model of AP-1 interaction with membranes. AP-1 recognizes a high a⁄nity binding site containing the MPRs. It is still un-
known whether the small GTPase ARF-1 is contained in this binding site. This GTPase is inserted in the membranes after exchange
of its bound nucleotide catalyzed by the brefeldin A-sensitive exchange factor. ARF-1 could act as a stoichiometric or a catalytic com-
ponent activating phospholipase D (see text for details). Additional membrane components conferring the speci¢city of interaction or
v-SNAREs are probably part of the high a⁄nity AP-1 binding site.
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the importance of its carboxyl terminal di-leucine
based motif (HLLPM sequence) for e⁄cient target-
ing of newly synthesized lysosomal enzymes. Collec-
tively, these results led to the proposal that di-leu-
cine-based motifs could be recognized by AP-1. In
both MPRs, the di-leucine motifs are £anked by ca-
sein-kinase II phosphorylation sites that are phos-
phorylated in vivo [67^69]. Such a post-translation-
al modi¢cation occurs when the Man-6-P/IGF II
receptor exits from the TGN and represents a ma-
jor, albeit transient modi¢cation [67]. Mutational
analysis of this MPR has shown that this phos-
phorylation site [70], in particular an aspartate
residue adjacent to the phosphorylatable serine
[71], contributes to e⁄cient lysosomal enzyme target-
ing.
The measure of the a⁄nity of AP-1 for membranes
of MPR-negative ¢broblasts re-expressing CD-MPR
mutants has revealed that the casein-kinase II phos-
phorylation site at the carboxyl terminus of this re-
ceptor is an important determinant required for the
high a⁄nity interaction of AP-1 with membranes
[66]. This would be consistent with the observation
that a CD-MPR mutated on this phosphorylation
site is unable to produce clathrin-, AP-1-coated
vesicles when expressed in MPR-negative cells [58].
In contrast, the mutation of the di-leucine-based mo-
tif or that of the endocytosis motifs in the CD-MPR
tail does not a¡ect the high a⁄nity binding of AP-1
for membranes of MPR-negative cells expressing
such mutants. This observation could be interpreted
as indicating that di-leucine- and tyrosine-based sort-
ing determinants can substitute for each other in in-
teraction with AP-1 and that the di-leucine-based
motif in the CD-MPR tail is more important for
an additional sorting event occurring after AP-1
binding.
4. Sorting of other transmembrane proteins
If the MPRs represent the major transmembrane
proteins sorted along the AP-1 dependent pathway,
other proteins destined to be delivered to endosomes/
lysosomes such as the lysosomal membrane proteins,
are also sorted in the TGN and may follow the same
pathway. However, this issue has been di⁄cult to
address.
4.1. The lysosomal membrane glycoproteins
The lysosomal associated membrane proteins
(LAMPs), lysosomal integral membrane proteins
(LIMPs) and lysosomal acid phosphatase (LAP) pre-
cursor are targeted to lysosomes and are usually used
as markers of this compartment (for review see [62]).
They contain a short, 10^20 amino acid long cyto-
plasmic domain which contains either a single tyro-
sine-based motif (LAP and LAMP I) [72^76] or a
single di-leucine-based motif (LIMP II) [77,78] which
determines their lysosomal targeting. The mutation
of these sorting determinants leads to the accumula-
tion of the corresponding mutants at the cell surface
[72^75,77,78]. Expression in BHK cells has indicated
that LAP follows the constitutive secretory pathway
to the plasma membrane and is endocytosed for sub-
sequent delivery to lysosomes [79]. This notion would
be consistent with the ¢nding that a synthetic peptide
corresponding to the LAP cytoplasmic domain im-
mobilized on a matrix can retain puri¢ed AP-2 but
not puri¢ed AP-1 [80]. In contrast, LAMP I follows
a direct intracellular pathway to endosomes/lyso-
somes at the exit of the secretory pathway [72,74^
76]. Recent studies have indicated that this lysosomal
membrane glycoprotein follows an AP-1 dependent
pathway at the exit of the TGN [81]. In vitro, the
LAMP I cytoplasmic domain interacts with both pu-
ri¢ed AP-1 and AP-2 and in vivo a small fraction
(3%) of the intracellular LAMP I is found to be
associated with AP-1 coated structures [81]. The sort-
ing machinery used by LIMP II at the exit of the
TGN has not been identi¢ed yet.
4.2. The MHC class II molecules
The class II molecules of the major histocompati-
bility complex (MHC) [82] are made of the K and L
polypeptides associated with the invariant chain Ii.
This complex is transported from the secretory path-
way to endosomal, hydrolase-rich compartments of
antigen presenting cells where Ii is degraded and dis-
sociates from the K,L dimers which are then free to
bind immunogenic peptides [82^84]. The pathway
that these molecules follow at the exit of the TGN
is still controversial. However, the observation that
the overexpression of KL Ii in HeLa cells can pro-
mote the ARF-dependent recruitment of AP-1 on
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membranes [85] suggests that the MHC class II may
follow an AP-1 dependent pathway at the exit of the
TGN. The Ii cytoplasmic domain, but not those of
the K,L chains, is required for these interactions. The
Ii cytoplasmic tail contains two di-leucine-based sort-
ing signals required for lysosomal targeting [86^90].
Mutational analysis indicates that both motifs are
required for AP-1 binding (Salamero et al., manu-
script in preparation). It is possible that the MHC
class II complex can follow an AP-1 independent
pathway at the exit of the TGN. Indeed, biochemical
and morphological studies performed on I-cell dis-
ease B lymphoblasts which use a Man-6-P independ-
ent intracellular pathway for lysosomal enzyme tar-
geting [91] have shown that the MHC Class II
molecules and the newly synthesized cathepsin D
can be packaged into non-clathrin-coated vesicles at
the exit of the TGN [22,90]. It could be important to
transport the MHC class II molecules to di¡erent
endocytic organelles [84,92,93].
4.3. The envelope glycoproteins of viruses
The varicella-zoster virus (VZV) [94,95], a human
herpes virus whose assembly is believed to occur in
the TGN and/or in endocytic compartments [96,97]
may provide a good example illustrating how viral
glycoproteins make use of the cellular machinery to
construct the viral envelope. When expressed in
HeLa cells in the absence of additional virally-en-
coded factors, the VZV envelope glycoprotein I
(gpI), a type I transmembrane protein, localizes to
the TGN and cycles between this compartment, the
endosomes and the cell surface [97,98]. Mutational
analysis of the gpI cytoplasmic domain indicates
that its TGN localization requires two tyrosine-based
sorting determinants as well as a long stretch of neg-
atively charged amino acids containing consensus se-
quences for casein-kinase II phosphorylation [97].
Thus, gpI as well as its homologue, gE of the herpes
simplex virus (HSV) (Alconada et al., submitted) be-
haves analogously to several endogenous proteins
like the endoprotease furin or TGN 38 that are often
used as TGN markers [99^101]. The recycling path-
way of furin also requires a tyrosine-based motif and
a casein-kinase II phosphorylation site [102^105]. An
interesting observation is that the expression of the
VZV gpI in HeLa cells or MPR-negative cells [97]
promotes the recruitment of AP-1 onto TGN mem-
branes, strongly suggesting that gpI, like the MPRs,
can leave the TGN via an AP-1-dependent pathway
for subsequent transport to endosomes. Although it
is thought at present that furin and TGN 38 follow
the secretory pathway at the exit of the TGN, it is
interesting to note that the massive expression of
TGN 38 also induces the recruitment of AP-1 onto
membranes [106]. More recently, Tooze and col-
leagues have reported that furin present in immature
secretory granules also interacts with AP-1 in vitro
and that these interactions require the phosphoryla-
tion of a casein kinase II site [107]. Thus, membrane
proteins located in the TGN at steady state and the
MPRs, albeit located in di¡erent intracellular com-
partments at steady state, appear to share similar
sorting mechanisms.
5. Features important for recognition of sorting
determinants
Many studies have now shown that tyrosine-based
motifs are involved in several sorting processes: en-
docytosis [108], sorting from the secretory pathway
for lysosomal delivery [72,74^76], sorting from early
to late endosomes [109], retrieval to the TGN [99^
101] as well as transport from early endosomes to the
basolateral plasma membrane of polarized epithelial
cells (reviewed in [32,110,111]). Di-leucine-based mo-
tifs are also involved in endocytosis and intracellular
lysosomal delivery [77,78,112] as well as in basolat-
eral sorting of the macrophage Fc receptor [113].
This strongly suggests that additional features may
contribute to the recognition of a given sorting signal
by a speci¢c sorting machinery.
5.1. A⁄nity and accessibility of sorting signals
First, tyrosine-based sorting signals may be recog-
nized by related APs with di¡erent e⁄ciencies. For
example, analyses using the yeast two-hybrid system
[114] and biochemical studies [115] indicate that AP-
2 exhibits a higher a⁄nity for tyrosine-based motifs
than its counterpart AP-1. This could easily explain
why the tyrosine-based determinant of the LAP pre-
cursor does not interact with AP-1 but does with AP-
2 [80] while that of LAMP I interacts with both [81].
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Such di¡erences in interactions probably re£ect the
nature of the amino acids present in or surrounding
these tyrosine-based sorting determinants. The spac-
ing of a sorting determinant from the membrane may
also be important for its selective recognition by APs
or related complexes. Such an example has been pro-
vided by studies performed on LAMP I tra⁄cking
[109]. The insertion or the deletion of a single amino
acid modifying the spacing of its GYXXI sorting
motif almost completely blocks its lysosomal target-
ing but does not drastically a¡ect its endocytosis. In
the yeast two hybrid system, tyrosine-based sorting
signals appear to be more e⁄ciently recognized by
the AP-1 and AP-2 W chains when they are placed at
the carboxyl terminus of the polypeptide sequence
[116].
Post-translational modi¢cations of cytoplasmic do-
mains may also regulate the accessibility of sorting
determinants. As discussed above, the phosphoryla-
tion of casein-kinase II sites in the cytoplasmic do-
mains of the MPRs [67,68,117], furin [102^105,107]
and the VZV envelope glycoprotein gpI [97,98] may
induce conformational changes and modulate the ac-
cessibility of sorting determinants. The endocytosis
of CD3Q which is mediated by a di-leucine-based
motif required the phosphorylation of an adjacent
serine residue (Ser-126-D-XXX-LL) by a yet uniden-
ti¢ed kinase [118]. Palmitoylation is another post-
translational modi¢cation. For example, the CD-
MPR is transiently and reversibly palmitoylated on
two cysteine residues at positions 30 and 34 of its
cytoplasmic domain [119]. The mutation of Cys-34
results in the gradual accumulation of the mutant
receptors in dense lysosomes and a loss of cathepsin
D sorting function in the Golgi. Mutations of the
surrounding amino acids also impaired palmitoyla-
tion and resulted in an abnormal tra⁄cking to lyso-
somes and a loss of its sorting function. These ob-
servations indicate that the anchoring of this region
of the CD-MPR tail in the lipid bilayer is essential
for the normal tra⁄cking of CD-MPR and suggest
that palmitoylation confers a given conformation to
the CD-MPR cytoplasmic domain necessary to ex-
pose or to bring together the di¡erent tyrosine- and
di-leucine-based sorting determinants. The Man-6-P/
IGF II receptor is also palmitoylated on its cytoplas-
mic domain [120]. However, the relevance of this
post-translational modi¢cation in its tra⁄cking re-
mains unknown.
5.2. Inositol phosphates and membrane lipids
Genetics in yeast has allowed the identi¢cation of
a large number of VPS (vacuolar protein sorting)
genes essential for protein delivery to the lysosome-
like vacuole (for review see [121], and T. Stevens in
this issue). Two gene products, Vps15p and Vps34p
encode a serine/threonine protein kinase and a phos-
phatidylinositol 3-kinase assembled in a complex.
The importance of these gene products suggests
a role for phosphatidyl inositides in protein sorting
at the TGN [122^124]. In mammalian cells, speci¢c
inhibitors of PI-3-kinase, i.e. wortmannin and
LY294002, induce the secretion of the newly synthe-
sized cathepsin D, suggesting that PI-3-kinases regu-
late MPR sorting in the TGN [125,126]. However, it
remains to be determined if these drugs in£uence AP-
1 binding. Recent cross-linking experiments have
shown that phosphoinositides with a phosphate at
the D-3 position in the inositol ring increase the in-
teraction of AP-2 with tyrosine-based sorting deter-
minants, suggesting that protein tra⁄c could be
regulated by this product [127]. It is also possible
that the interactions of the AP-1 with tyrosine-based
determinants are regulated in a similar manner.
Other membrane lipids may also play a role in
protein sorting. Phospholipase D which can be acti-
vated by ARF-1 [44,50,51] cleaves phosphatidylcho-
line to generate choline and phosphatidic acid (PA)
and can modify the lipid composition of the outer
lipid bilayer [43,128^130]. A local concentration of
negatively charged phospholipid headgroups could
be involved in the clustering of transmembrane pro-
teins for subsequent packaging. In this respect, it is
interesting to note that the tra⁄cking of the MPRs,
furin and the VZV envelope glycoprotein gpI in-
volves, as discussed above, long stretches of nega-
tively charged amino acids. Alternatively, ARF-
stimulated PLD could function as a signal transducer
by producing PA which can be hydrolyzed to give
rise to intermediates such as diacylglycerol. This sec-
ond messenger could in turn trigger the activation of
protein kinase C which regulates many intracellular
signaling events. PKC stimulates vesicle budding
BBAMCR 14332 5-8-98 Cyaan Magenta Geel Zwart
R. Le Borgne, B. Ho£ack / Biochimica et Biophysica Acta 1404 (1998) 195^209 203
[131,132], while its inhibitors impair vesicle budding
from isolated Golgi membranes [133].
6. Perspectives
During the past several years, extensive studies
from many laboratories have extended signi¢cantly
our understanding on membrane protein sorting in
the secretory pathway. It has emerged as a common
theme that tyrosine- or di-leucine-based determinants
can mediated membrane protein sorting in the TGN
or at the plasma membrane. It will be of importance
to unambiguously determine whether these two types
of sorting signals interact with the same or distinct
sorting machineries. That endocytosis of membrane
proteins containing tyrosine-based motifs is not com-
peted by those containing di-leucine-based sorting
determinants, argues that these two types of sorting
motifs are recognized by two distinct sorting machin-
eries [134]. However, surface plasmon resonance
analyses suggest that puri¢ed AP-1 or AP-2 can in-
teract with peptides containing either a tyrosine- or a
di-leucine-based motif [135]. Therefore, it is possible
that a given AP interacts, but with di¡erent a⁄nities,
with both tyrosine- and di-leucine-based sorting sig-
nals. The APs, and probably related complexes, are
heterotetrameric complexes. In the yeast two hybrid
system, tyrosine-based sorting determinants interact
with the W chains of AP-1, AP-2 [114] and the
new AP-3 [136]. It is possible that another sub-
unit of APs interacts with di-leucine-based motifs.
In this way, these two types of sorting deter-
minants could both contribute to the e⁄cient
sorting of one membrane protein. Another interest-
ing possibility is that membrane lipids whose com-
position may vary from one intracellular com-
partment to the next, may regulate the interaction
of tyrosine- or di-leucine-based sorting determinants
with one type of APs or related complexes. Finally,
the mechanisms by which APs are recruited
onto membranes have just begun to become un-
covered. Although several components have been
shown to be implicated in coat recruitment, it is
still unknown how coat components recognize their
target membrane. Moreover, the precise series of
events leading to the formation of a transport inter-
mediate need to be de¢ned. Surely, a number of these
exciting questions will be answered in the coming
years.
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